The mechanical properties, volumetric shrinkage and depth of cure of a short fiber-reinforced resin composite (SFRC) were investigated in this study and compared to both a bulk fill resin composite (BFRC) and conventional glass/ceramic-filled resin composite (CGRC). Fracture toughness, flexural properties, volumetric shrinkage and depth of cure of the SFRC, BFRC and CGRC were measured. SFRC had significantly higher fracture toughness than BFRCs and CGRCs. The flexural properties of SFRC were comparable with BFRCs and CGRCs. SFRC showed significantly lower volumetric shrinkage than the other tested resin composites. The depth of cure of the SFRC was similar to BFRCs and higher than CGRCs. The data from this laboratory investigation suggests that SFRC exhibits improvements in fracture toughness, volumetric shrinkage and depth of cure when compared with CGRC, but depth of cure of SFRC was similar to BFRC.
INTRODUCTION
The use of direct chair-side application of resin composite for restoring cavities in stress-bearing posterior teeth has increased rapidly in recent years 1, 2) . Beside the ability to bond to hard tooth tissues, facilitated by adhesive systems, resin composites have the advantages of being less invasive and more economical when compared with cast gold and ceramic inlay restorations 3) . However, inadequate material properties, including mechanical deficiencies, polymerization shrinkage and susceptibility to degradation in the oral environment, have limited the success of resin composite restorations in high stress bearing areas 4) . Fracture within the body and marginal closure areas of restorations, and polymerization shrinkage have been cited as major problems leading to the failure of posterior resin composite restorations [5] [6] [7] . Fractures related to mechanical properties have usually been evaluated by the determination of material parameters such as fracture toughness, flexural strength, and elastic modulus 8) . Fracture toughness values and flexural properties are dependent on the physical properties and chemical composition of the individual components of a restorative material 9) . A material which has high fracture toughness and flexural properties has enhanced abilities to resist crack initiation and propagation 10) . Consequently, the properties of fracture toughness and flexural properties become important criteria for a dental material's longevity 11) . Depending on the study, the polymerization shrinkage of resin composites averages from 1.5 to 6% 12) . Such polymerization shrinkage induces contraction stress at the interface between the resin composite and the walls of the cavity, leading to gapformation, and predisposition to secondary caries. Many factors affect the polymerization shrinkage of resin composites, including resin matrix composition, filler content, and the polymerization method 13, 14) . Since there have been no significant advances in improving the properties of polymer matrix materials, recent improvements in resin composite properties are due primarily to advances in filler technology 15) . Generally, particles (random orientation), whiskers (single or multi-layer) and fibers (long or short fibers in various orientations) have been used to reinforce resin composite materials [16] [17] [18] [19] . Fiber-reinforced resin composites have been shown to possess a suitable flexural strength and elastic modulus to function successfully in oral cavities 20) . Improvements in handling properties and preimpregnation with light-polymerizable resins have extended the use of fiber-reinforced resin composites in direct chair-side placement of posterior restorations.
Recently, a short fiber reinforced resin composite (SFRC) with similar mechanical properties to dentin was introduced for use in restorative dentistry 21) . This resin composite is intended to be used as a base material in high stress bearing areas, especially for large restorations in posterior teeth. It consists of a combination of a resin matrix, which contains Bis-GMA, TEGDMA and PMMA forming a matrix called a semi-Interpenetrating Polymer Network (semi-IPN), which provides good adhesive bonding properties, E-glass fibers, which improve the toughness of the polymer matrix, and an inorganic particulate filler 18, 21) . Therefore, the characteristics of SFRC are different from those of conventional glass/ ceramic-filled resin composite (CGRC) due to the fibers. However, there is minimal research available on the mechanical properties of this newly developed SFRC.
A problem associated with using light cured resin composite directly in the posterior region is the decrease in light intensity as the depth of material increases in the proximal areas 22, 23) . Thus, several manufacturers 24) . The light intensity at a given depth and for a specified irradiance period is a critical factor in determining the extent of monomer conversion into polymer, and directly relates to values of mechanical properties, biocompatibility, and color stability 25) . In addition, irradiance would be expected to be associated with the clinical success of a restoration. Therefore, it is important to achieve sufficient irradiance on the bottom surface of each of the incremental layers used in building up a restoration. The concept of the point of sufficiency in this respect is known as depth of cure. Inadequate polymerization throughout the bulk of a restoration can lead to undesirable effects, such as marginal gap formation, marginal leakage, recurrent caries, adverse pulpal effects, and the ultimate failure of the restoration. In the overall context of successful restorative treatment, the relationship between mechanical properties and polymerization properties is important.
The purpose of this laboratory study was to investigate the fracture toughness, flexural strength, elastic modulus, polymerization shrinkage and depth of cure of SFRC, with comparison to BFRC and CGRC. 
MATERIALS AND METHODS

Study materials
Fracture toughness measurement
Fracture toughness was determined on single-edge notch specimens using the three-point bending method according to the procedure outlined in ASTM E1820-13 26) . The knife edge notch samples (25×2.5×5 mm; 0.5 mm notch width and 2.5 mm depth) were prepared in a stainless steel split mold; a sharp blade was used to make the notch. Resin composites were condensed into the mold between two sheets of strips and pressed with a glass plate with a 5 N load. The exit window of the quartz-tungsten halogen unit (Optilux 501, Demetron, Kerr, Danbury, CT, USA) was placed against the glass plate at the center of the specimen, which was exposed to light irradiation for 30 s set at a light irradiance average of 600 mW/cm 2 . The power density (above 600 mW/cm 2 ) of quartz-tungsten halogen unit was checked using a dental radiometer (model 100, Demetron, Danbury, CT, USA) before preparing the specimens. Following this, the exit window was moved to a section next to the center, overlapping the previous section. Light irradiation was performed by sequentially curing at three overlapping points on each upper and lower side until the entire sample surface had been irradiated. Ten min after light exposure, the hardened specimens were carefully removed from the mold and stored in 37°C distilled water for 24 h. Immediately after storage, the specimens were subjected to fracture toughness measurements. Fifteen specimens for each material were prepared and tested. A three point bending test was performed with a universal testing machine (Type 5500R, Instron, Norwood, MA, USA) at a crosshead speed of 1.0 mm/min until specimen fracture. The fracture toughness, K ІC (MPa/m), was calculated from the following equation:
B=specimen thickness (m), W=specimen width (m), and a=crack length. Because it is difficult to measure crack length precisely, the crack length was taken to be the distance from the base of the notch to the opposing surface of the specimens (2.5 mm). Here f (a/W) is a function of a/W and is calculated according to ASTM E-399-90 as follows:
The fractured surface of representative specimens after fracture toughness measurements were sputter coated with Au and Pd (Emitech SC7620 Mini Sputter Coater, Quorum Technologies, Ashford, UK). The coated specimens were then examined with a TM3000 Tabletop Microscope (Hitachi-High Technologies, Tokyo, Japan) using an accelerating voltage of 15 kV.
Flexural strength measurement
For preparing specimens for flexural strength measurement, a 25×2×2 mm stainless steel mold was used in accordance with ISO 4049 27) . These specimens were made, stored, and tested in the same manner as those for the fracture toughness tests. Fifteen specimens for each material were prepared and the maximum loads applied to the specimens were recorded. Flexural strength (σ f) in MPa was calculated as follows:
W= maximum load, l=distance between the supports (=20.0 mm), b=width, and d=depth of the specimen. In addition, elastic modulus in GPa was determined from the stress-strain curve using computer software (Bluehill 2 Ver. 2.5, Instron) linked to the testing machine.
Volumetric shrinkage measurement
The test apparatus consisted of a water-filled dilatometer with a capillary tube of uniform 0.5 mm diameter and a length of approximately 130 mm. It was attached to a 25 cm 3 , brass-bottom density bottle by means of a ground glass joint. The density bottle was filled with distilled water. During the test, liquid temperature was maintained by placing the density bottle on a thermostatically controlled plate.
Resin pastes were placed into a Teflon mold with Ten measurements were conducted, and the average volumetric shrinkage thereof was obtained.
Depth of cure measurement
The depth of cure analysis for the tested materials was performed according to ISO 4049 with a cylinder 4 mm in diameter and 10 mm high 27) . The mold was placed on a glass slide covered by a Mylar strip. The mold was then filled in bulk with one of the tested composites. The topside of the mold was covered with second Mylar strip and the resin material made flush with the mold by use of a second glass slide. Ten specimens were polymerized from the top of the cylinder mold with a hand-light curing unit for 30 s. As soon as the curing was over, the material was pressed out of the mold, and the part which had not been polymerized was removed with a plastic spatula. Then the remaining cured part was measured with a digital caliper with an accuracy of ±0.1 mm, and the measured value was divided by two, as specified by ISO 4049. This value was recorded as the depth of cure for each specimen.
Statistical analysis
The results of the mechanical tests were analyzed by calculating the mean and standard deviation for each group. The data obtained were analyzed using a commercial statistical software package (SigmaStat Version 3.1, IBM, Armonk, NY, USA), and a one-way analysis of variance and Tukey post hoc test were used for the analysis of each of the data sets.
RESULTS
The mean values of fracture toughness, flexural strength and elastic modulus are summarized in Table 1 . SFRC had significantly higher (p<0.05) fracture toughness (3.1±0.3 MPa/m) than all the other resin composite materials. Representative SEM images of fracture surfaces after fracture toughness measurement are shown in Fig. 1 . Highly concentrated short fibers were observed on the fractured surface in EP, and crack propagation was observed through the short fibers. The observed fracture surfaces of BFRC and CGRC were flatter and smoother than that of SFRC. The flexural strength (124.3±5.5 MPa) and elastic modulus (9.5±0.3 GPa) of SFRC were comparable with the other tested resin composites (p>0.05), but the flexural strength and elastic modulus of the tested resin composites showed high variance. Figure 2 shows the results of volumetric shrinkage over a the duration of 180 s, with each resin composite irradiated for 30 s at a light irradiance average of 600 mW/cm 2 . Volumetric shrinkage began soon after the start of light irradiation and continued after the end of light irradiation. Volumetric shrinkages of the tested resin composites after 30 and 180 seconds are shown in Table 2 . The volumetric shrinkages of SFRC after 30 (1.15%) and 180 s (1.62%) were significantly lower (p<0.05) than those of other tested resin composites. BFRCs also showed significantly lower volumetric shrinkage after 30 and 180 s than CGRCs. Figure 3 shows the results for depth of cure of each resin composite irradiated for 30 s at average of irradiance of 600 mW/cm 2 . The depth of cure of the SFRC (4.02±0.21 mm) was similar (p>0.05) to that of BFRCs and higher than that of CGRCs. Highly concentrated short fibers were observed on the fractured surface in EP, and crack propagation was observed through the short fibers. The observed fracture surfaces of BFRC and CGRC were flatter and smoother than that of SFRC. 
DISCUSSION
SFRC, BFRCs, and CGRCs, which are commonly used for restoring stress-bearing posterior teeth, were evaluated in this laboratory study. A large variation in the loading and constitution of filler particles can be seen in the tested resin composites (Table 3) .
In the present study, the SFRC showed significantly higher (p<0.05) fracture toughness than the other tested resin composites. It is reported that the fracture toughness of polymer based materials is improved when they are reinforced with glass fiber 28) . Thus it is not surprising that short fiber inclusion in a semi-IPN resin matrix led to substantial improvements in this mechanical property. The reinforcing effect of the fibers is based on the behavior of individual fibers as crack stoppers and stronger elements within the matrix 18) . In addition, the SEM image of the fracture surface of SFRC after fracture toughness measurement indicate the possibility that short E-glass fibers retard crack propagation along the fracture line. If a minor crack propagates through this kind of material, it encounters a fiber and cannot grow further. On the other hand, in BFRC and CGRC with tiny particle fillers, there is nothing to stop the fracture propagating through the whole material and weakening it after the restoration has been placed. In addition, fiber reinforced resin composites can mitigate damage and dissipate energy, which greatly improves their mechanical performance by preventing brittle failure and avoiding the loss of structural integrity 29) . In addition to the toughening mechanism of the fibers, the linear polymer chains of PMMA in the cross-linked matrix of Bis-GMA and TEGDMA plasticize the polymer matrix to some extent and increases the fracture toughness of the resin composite 21) . Therefore, the random fiber orientation and the semi-IPN structure of the polymer matrix likely had a significant role in improving mechanical properties.
The flexural strength and elastic modulus of SFRC were comparable with the other tested resin composites, but the flexural strength and elastic modulus of the tested resin composites show high variance. In theory, the reinforcing effect of the fiber fillers is based on stress transfer from the polymer matrix to fibers 30) . This is achieved by having fiber lengths equal or greater than the so-called critical fiber length. The critical fiber length of E-glass with Bis-GMA polymer matrix varies between 0.5 and 1.6 mm, as measured using a fiber fragmentation test 31) . It is reported that the SFRC used in this study had fiber lengths between 1 and 2 mm, thus exceeding the critical fiber length 21) . Therefore, the fibers of SFRC, being longer than the critical fiber length of E-glass with the Bis-GMA polymer matrix, allow for stress transmission from matrix to fibers, thus producing effective reinforcement. However, including fiber in resin composite results in a decrease in the filler content of particle filler in the resin composite. Previous studies found a positive correlation between filler loading and flexural properties 32) . Therefore, the fiber reinforcing effect for flexural properties may cancel out decreasing filler content, resulting in the similar flexural properties observed in the present study.
The magnitude of volumetric shrinkage and the accompanying stress generated by the polymerization reaction of the resin composite material are the main factors for in vivo problems like poor marginal adaptation, postoperative pain, and recurrent carries 12) . The present study showed that volumetric shrinkage began soon after the start of light irradiation and continued after the end of light irradiation. The shrinkage of tested resin composites noted after removal of the light source might be partially attributed to post polymerization reaction of residual monomers. SFRC showed significantly lower volumetric shrinkage than the other tested resin composites. The results are consistent with those of past studies that compared SFRC with CGRCs 21, 33) . Volumetric shrinkage of resin composite depends on factors such as filler load, type of filler and size of fill 34) . Therefore using short E-glass fibers with a semi-IPN-resin matrix may be one of the reasons why the volumetric shrinkage of SFRC is reduced. Other factors that affect shrinkage are type of resin matrix, monomer concentration, and polymerization initiator systems because they determine the polymer structure of the resin composites 35) . Unfortunately, the information about the polymerization methods from the manufacturers is so modest that, in this respect, no further comparison can be made.
BFRC also showed significantly lower volumetric shrinkage than CGRC. The tested BFRCs contain a polymerization modulator, which has a high molecular weight, to lower polymerization shrinkage 36, 37) . This unique molecular structure contributes to the delay of the gel point, which represents an increase of viscosity through network formation, and could allow more time to compensate for the shrinkage; consequently, this may be why volumetric shrinkage is reduced.
In some clinical situations the light guide tip cannot be placed in close contact with the restoration surface. Therefore, any increase in the depth of cure should be considered important for daily clinical practice. The depth of cure of the SFRC evaluated in this study was similar to that of BFRCs and higher than that of CGRC. The translucency of SFRC is relatively higher than the other tested resin composites. Therefore, this may be why SFRC shows higher depth of cure than CGRC, and similar to that of BFRCs.
CONCLUSION
SFRC showed improvements in fracture toughness, volumetric shrinkage and depth of cure compared with CGRC, and the depth of cure of SFRC was similar to BFRC. The enhanced mechanical properties of the SFRC suggest that the SFRC might perform better in high stress-bearing restorative situations.
